Abstract. The Middle Atmosphere Alomar Radar System (MAARSY) installed at the island of Andøya has been run for continuous probing of atmospheric winds in the upper troposphere and lower stratosphere (UTLS) region. In the current study, we present high-resolution wind measurements during the period between 2010 and 2013 with MAARSY. The spectral analysis applying the Lomb-Scargle periodogram method has been carried out to determine the frequency spectra of vertical wind velocity. From a total of 522 days of observations, the statistics of the spectral slope have been derived and show a dependence on the background wind conditions. It is a general feature that the observed spectra of vertical velocity during active periods (with wind velocity > 10 m s −1 ) are much steeper than during quiet periods (with wind velocity < 10 m s −1 ). The distribution of spectral slopes is roughly symmetric with a maximum at −5/3 during active periods, whereas a very asymmetric distribution with a maximum at around −1 is observed during quiet periods. The slope profiles along altitudes reveal a significant height dependence for both conditions, i.e., the spectra become shallower with increasing altitudes in the upper troposphere and maintain roughly a constant slope in the lower stratosphere. With both wind conditions considered together the general spectra are obtained and their slopes are compared with the background horizontal winds. The comparisons show that the observed spectra become steeper with increasing wind velocities under quiet conditions, approach a spectral slope of −5/3 at a wind velocity of 10 m s −1 and then roughly maintain this slope (−5/3) for even stronger winds. Our findings show an overall agreement with previous studies; furthermore, they provide a more complete climatology of frequency spectra of vertical wind velocities under different wind conditions.
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Introduction
Mesoscale motions in the atmosphere (a range of temporal scale from several minutes to about 2 days and spatial scale from several hundred meters to about 1000 km) are key to understand the interactions between atmospheric motions at large and small scales. The characteristics of wind and temperature fluctuations at different scales are typically described by means of their power spectra versus frequency and/or spatial scale. Measurements using different techniques, i.e., radiosondes, aircraft, and radars, have shown that power spectra of horizontal velocities as a function of frequency (or wavenumber) generally follow a f −5/3 (or k −5/3 ) power law (where f refers to frequency and k to wavenumber) (e.g., Gage, 1979; Basley and Carter, 1982; Larsen et al., 1986) , although deviations from this slope have also been observed such that a −5/3 power law can not be assumed to be universal (e.g., Larsen et al., 1982) . Even after three decades of study, the mechanisms producing the −5/3 spectrum in the mesoscale regime remain to be controversial (e.g., Gage, 1979; Gage and Nastrom, 1990; Larsen et al., 1982; Lilly, 1983; Vallis et al., 1997; Koshyk et al., 1999; Tung and Orlando, 2003, 2004; Smith, 2004; Lindborg, 2006; Brune and Becker, 2013; Callies et al., 2016; Bierdel et al., 2016, and many others) . One of the explanations is that the mesoscale spectrum is the production of inertia-gravity waves (e.g., VanZandt, 1982; Dewan, 1997) , which is similar to the classical Garrett-Munk spectrum found in the ocean (Garrett and Munk, 1975) . Alternative explanations have also been proposed that this spectrum is due to a quasi-two-dimensional turbulent vortical flow (Gage, 1979; Lilly, 1983) or to stratified turbulence (Lindborg, 2006) .
Vertical velocity of air motion contains key information on various dynamical processes in the lower and middle atmosphere like turbulence, gravity wave, and tidal motions. In order to understand the underlying mechanisms responsible for the atmospheric motions in the mesoscale range, the vertical velocity spectra should be further studied. So far, however, only a few studies have been carried out focusing on the frequency spectra of vertical velocities. The pioneer work using radar may go back to Röttger (1981) who analyzed the SOUSY-VHF-Radar observations. Ecklund et al. (1986) gave a preliminary climatology of the frequency spectra of vertical velocity derived by analyzing the data taken from radars at four widely separated geographical locations. Under quiet conditions with weak winds (< 10 m s −1 ), their spectra show a nearly constant slope close to 0 at periods larger than the Brunt-Vaisälä period τ B , a bump (i.e., excess energy) at τ B , and a rapid drop-off beyond τ B . Under active conditions with strong winds, however, the spectra show slopes close to −5/3 with no localized maxima. Mean spectra averaged over both active and quiet periods approach a f −1 dependence. Based on the analysis of 15-day measurements with the SOUSY-VHF-Radar, Larsen et al. (1987) presented slopes close to −1 for the frequency spectra of vertical velocity in the lower troposphere, decreasing towards a slope near −1/2 around the tropopause and in the lower stratosphere. However, Muschinski et al. (2001) determined frequency spectra of vertical velocity from 72 h of observations with the SOUSY-VHFRadar and presented the spectral drop-off beyond τ B with slopes approaching −5/3 at moderate and strong winds and as steep values as −3 or −4 for weak winds. Although mean frequency spectra of horizontal velocities are fairly consistent with models, typically showing slopes with a constant value close to −5/3 with only slight amplitude variations (Basley and Carter, 1982; Basley and Garello, 1985; Fritts et al., 1990) , the vertical velocity spectra are characterized by more variabilities in slopes, i.e., following a f 2−p power law, where p is a constant ranging from 5/3 to 4 (VanZandt et al., 1991) . Therefore, the underlying mechanisms as well as the climatology of the vertical velocity spectra are still important open issues for further investigation.
In this study, we apply the Lomb-Scargle periodogram method to determine the statistics of the power spectra of vertical velocity versus frequency (or period) using the Middle Atmosphere Alomar Radar System (MAARSY; see Latteck et al., 2010 Latteck et al., , 2012 , for details on the radar system) and to study their correlation with the background wind fields. In Sect. 2, we describe the radar system of MAARSY including the experimental setup and the wind observations. In Sect. 3, the analysis method is outlined. The distribution of the derived spectral slopes and their dependence on the background wind fields are given and discussed in Sect. 4. Our conclusions are finally summarized in Sect. 5.
Radar description and wind observations
In the current study we analyzed measurements performed with the Middle Atmosphere Alomar Radar System (MAARSY) installed on the northern Norwegian island of Andøya (69.03 • N, 16.04 • E). The basic parameters of MAARSY relevant to our study are summarized in Table 1 . A detailed technical description of MAARSY is given by Latteck et al. (2010 Latteck et al. ( , 2012 .
MAARSY is able to perform multi-channel recording allowing for combining spaced antenna and Doppler measurements in the same experiment to investigate the atmospheric wind fields. In this work we apply the Doppler beam swinging (DBS) technique to estimate horizontal winds (both zonal and meridional) from five beams (one in the vertical direction and four at an off-zenith angle of 10 • in orthogonal azimuths) with a temporal resolution of 5 min (e.g., Röttger and Larsen, 1990; Stober et al., 2012 Stober et al., , 2013 Li et al., 2016) . Note that the DBS method is able to determine a full three-dimensional wind vector including the vertical direction. However, it is well known that the vertical wind velocities derived from the DBS technique are biased due to the fitting procedure, i.e., averaging radial velocities on all five beams for 5 min leading to unexpected high-frequency peaks in their power spectra (not shown here). For the current study, we thus take the radial velocities along the vertical beam as vertical velocities. From a total of 522 days of wind measurements with MAARSY, we present a climatology of horizontal wind velocity which is shown in Fig. 2 . The number densities of wind values versus altitudes are shown in logarithmic scales (see the left panel of Fig. 2 ). Generally, horizontal winds are stronger in the upper troposphere than in the lower stratosphere. The mean altitude profile of horizontal winds indicated by the white line shows an increase along altitudes in the upper troposphere, i.e., from ∼ 5 km up to the tropopause height, which ranges between ∼ 9.2 and 10.5 km derived from temperature profiles taken from the ECMWF reanalysis data (Dee et al., 2011 ; not shown here) and a decrease along altitudes in the lower stratosphere. Following the analysis method by Parton et al. (2010) , we group the wind ve- locities into four height gates of ∼ 3 km width and the probability densities are shown in the right panel of Fig. 2 . The horizontal wind velocities follow a very asymmetric distribution with a peak lying within the range of 0-10 m s −1 and a long tail towards values as large as ∼ 80 m s −1 . For the altitude gate between 8.0 and 11.0 km, the horizontal wind velocities reveal a clear indication of a bimodal structure with a second peak at a value of ∼ 16 m s −1 . Further, the probability densities of wind velocity both show a "shoulder" with values between ∼ 10 and 20 m s −1 for the altitude gates of 5.0-8.0 km and of 11.0-14.0 km. A possible explanation for this bimodal structure is that the wind velocity distribution is sensitive to the effect of weather systems passing over such that a separate analysis of cyclonic and non-cyclonic periods should be considered (Parton et al., 2010) . Monthly-mean zonal and meridional winds recorded with MAARSY and taken from the ECMWF reanalysis data based on identical sampling (i.e., the ECMWF winds are only sampled for analysis during the periods when radar measurements are available.) between 5 and 17 km are reproduced for a composite year in Fig. 3 . The comparison between the radar measurements and the model shows a quite similar pattern of a significant seasonal variation. In the left panels, the main features of the data are a dominant eastward zonal wind in the UTLS regions and the strongest wind occurring near the tropopause height covering the polar jet stream. Seasonal variation in zonal winds shows the strongest zonal winds in March and October, especially from the ECMWF winds, and a secondary peak of zonal winds appears in summer just below the tropopause. The minima of zonal wind appear between ∼ 15 and 17 km in summer. Monthly-mean meridional winds also show a prominent seasonal variation, namely poleward (northward) winds occurring from April to October and equatorward (southward) winds in the other months. The maxima of the meridional wind appear in June and August for the poleward winds and in January and March for the equatorward winds. Meridional winds were found to be as large as 50 m s −1 in June. Note, however, that the statistics in June are very poor, i.e., only 4 days with radar measurements were possible in 2013. Furthermore, the ECMWF reanalysis data give slightly stronger winds (both zonal and meridional winds) compared to the radar measurement. It is mentioned above that the vertical wind velocities in this work are taken from the radial velocities along the vertical beam. The distribution of vertical velocities is shown in Fig. 4 . The vertical velocities roughly follow a symmetric distribution with a peak around zero (see the left panel of Fig. 4) . The vertical velocities vary within a range between −4 and 4 m s −1 (with the probability density less than 1/10 5 of the maximum). A Gaussian distribution function is regressed to the histogram of vertical velocity and the fitting line is overlayed in red. We note that the vertical velocities do not follow a Gaussian distribution, but an intermittent distribution with a tail extending to higher velocities which is typical for a turbulent medium (e.g., Schertzer and Lovejoy, 1985; Jiménez, 2007; Neelin et al., 2010) . Please note, however, that intermittency is also one of the properties of gravity waves (e.g., Hertzog et al., 2012) . It hence cannot be precluded that the gravity waves have influence on the resulting non-Gaussian distribution of vertical velocities. The right panel of Fig. 4 shows all obtained vertical wind velocities with the mean altitude profile with a solid line. The vertical velocities at the altitude range of 9-11 km (covering the tropopause height) possess a narrower range compared to the upper and lower altitudes, i.e., smaller vertical velocity variance near the tropopause height. The mean profile shows values ranging between ∼ −3 and −1 cm s −1 . We should mention here, however, that these values must be taken with care since systematic biases arise when computing long-term mean vertical winds from radar measurements, which can be caused by many complications such as locations and instrumental impreciseness (see the review by Hocking, 2011) . The downward bias of the observed vertical velocities have long been noticed and are very common. Previous studies for the explanation reported that vertical velocities are influenced by gravity waves with upward energy propagation as well as by the condition of Kelvin-Helmholtz instabilities appearing above and below the jet streams (strong horizontal winds; e.g., Nastrom and VanZandt, 1994; Hoppe and Fritts, 1995; Muschinski, 1996) . However, the mechanism of how gravity waves and/or Kelvin-Helmholtz instabilities affect the measurements of vertical wind is beyond the scope of this current study.
Analysis method
Time series of wind measurements obtained by radar are often characterized by incomplete or uneven sampling due to the system operation and removal of outliers. Spectral analysis using fast Fourier transform (FFT) hence requires some degree of interpolation to fill in gaps, which may introduce uncontrolled frequency components and complicate the analysis. A number of alternatives have been put forward to handle the unevenly sampled data. The Lomb-Scargle periodogram developed by Lomb (1976) and Scargle (1982) is a widely used method, which estimates a power spectrum at each frequency or period based on a least-squares fit of sinusoids (Press et al., 2007) . In this study, we first subtract the mean from the time series of vertical wind velocity and subsequently perform spectral analysis of the residuals to calculate the LombScargle periodogram of vertical velocity based on the following equation (Press et al., 2007) ,
where ω is the angular frequency and X j = X(t j ), j = 1, 2, . . ., N is the value of the physical quantity (here vertical velocity) measured in time t j ; X and σ 2 are the mean and variance in vertical velocities calculated based on the usual formulas:
Here τ is a time delay defined by
Results and discussion
Two examples of Lomb-Scargle periodograms of vertical velocities under different conditions of background winds are shown in Fig. 5 . Here we define quiet conditions as background winds with velocities < 10 m s −1 over a 24 h period and active conditions as velocities > 10 m s −1 following the wind criterion by Ecklund et al. (1986) . The Lomb-Scargle periodograms of vertical velocity under active and quiet wind conditions are shown in the lower panels of Fig. 5 (active conditions in the left and quiet conditions in the right). Typically, the Brunt-Väisälä period τ B is about 10 min in the troposphere and about 5 min in the stratosphere and the inertial period is ∼ 18 h (i.e., ∼ 1000 min). We hence regress the logarithm of the spectrum for periods between 1000 and 10 min. The fitting lines are indicated by the blue dashed lines. The slopes of the fitting line are indicated in the insert. We also indicate a theoretical spectral slope of −5/3 in red for reference. The comparisons under different wind conditions show that the spectral slope approaches the f −5/3 law under active conditions and becomes shallower (roughly f −1 ) under quiet conditions. The vertical velocity spectra during the quiet period show a rough peak near the period slightly larger than 10 min (τ B ). Such peaks are more apparent at the higher altitudes (∼ 5 min in the stratosphere, not shown here) and are assumed to be physically real due to propagating gravity waves at τ B (Röttger and Ierkic, 1985) . During the active period, however, there are no clear peaks at τ B , rather the spectrum follows the same power law beyond τ B to the minimum period. Further, the comparison between both spectra indicate no clear cutoff beyond τ B observed under active conditions. This is consistent with the fact that the frequency spectra of vertical velocity are highly sensitive to Doppler-shifting effects (Scheffler and Liu, 1986; Fritts and VanZandt, 1987) .
The overall results of performing this analysis on the available data set of 522 days are presented in Fig. 6 . Note that we here define active (quiet) conditions by the requirement that 90 % of wind velocities over a 24 h period are larger (smaller) than 10 m s −1 . Our choice of this definition was revealed to be optimum to avoid false removal of any active (or quiet) conditions because of the fact that there are substantial variabilities in the wind measurements due to waves and/or system noise. This definition also indicates that the wind observations with gaps larger than 10 % of a 24 h period will be neglected. Figure 6 reveals that the derived spectral slopes under active conditions (left panel) follow a roughly symmetric distribution around a mean of ∼ −5/3 with minimum and maximum values between −8/3 and −2/3. This is consistent with theory and previous studies (e.g., Scheffler and Liu, 1985; Ecklund et al., 1985; Gage et al., 1986) . Under quiet conditions (right panel), however, the spectral slopes follow a very asymmetric distribution with a long tail extending towards smaller values with a maximum at around −10/9, which is close to −1. Furthermore, we also present a plot of all individual spectral slopes along altitudes with the altitude-mean profiles indicated by black solid lines in Fig. 7 . Again the theoretical spectral slopes of f −5/3 are overlayed in red for reference. Figure 7 clearly shows that the number densities are much larger under active conditions at lower al- titudes (below ∼ 11 km) than under quiet conditions at upper altitudes (above ∼ 12 km), which is consistent with the distribution of horizontal wind velocities shown in Fig. 2 . The spectral slopes for both conditions first reveal a decrease (i.e., spectra become shallower) with increasing altitude and then maintain at a roughly constant value. These "break points" are at ∼ 9 km for active conditions and ∼ 10.5 km for quiet conditions, which are close to the tropopause heights. A similar height dependence of spectral slopes was also reported by previous studies (e.g., Kuo et al., 1985; Larsen et al., 1987) . When active and quiet periods are considered together (i.e., the whole data set is analyzed despite the background wind conditions), the so-called "general" spectra of vertical velocity are derived and reveal intermediate slopes compared with those under active or quiet conditions. In Fig. 8 , we present the general spectra of vertical wind derived from the whole data set versus the corresponding horizontal winds. The dependence of the spectral slopes on the background horizontal winds shows clear different variations separated at a wind threshold of ∼ 10 m s −1 . During quiet periods (wind velocity < 10 m s −1 ), the observed spectra of vertical wind velocity show that their slopes (absolute values) are roughly positively correlated with the background wind velocities. More precisely, with increasing wind velocities, the spectral slopes increase starting from −1/3 and approach the −5/3 spectral slope which has been observed for the spectra of horizontal wind velocities. During active periods, however, the spectral slopes maintain a nearly constant value of −5/3, especially with stronger winds (e.g., velocities > 15 m s −1 ), although their distribution falls within a range between ∼ −1 and −7/3.
Conclusions
In this paper, we presented tropospheric and lower stratospheric wind measurements using the MAARSY MST radar (Mesosphere-Stratosphere-Troposphere). From a total of 522 days of observations, we presented the distribution of horizontal winds. The wind velocities are stronger in the upper troposphere than in the lower stratosphere. Further, the mean altitude profile shows that the wind velocities increase with altitude in the upper troposphere, reach the largest values close to the tropopause height and then decrease with altitude in the lower stratosphere. The wind velocities have been grouped into different height gates for every ∼ 3 km and the probability densities follow a very asymmetric distribution with peaks lying within the range of ∼ 0-10 m s −1 and a long tail extending to ∼ 80 m s −1 . The seasonal variation in meridional and zonal winds have been derived and compared with the results from the ECMWF reanalysis data based on identical sampling. There is a dominant eastward zonal wind in the UTLS region and the strongest winds occurred within the altitudes close to the tropopause height (∼ 9.2-10.5 km).
The meridional winds show a poleward direction from April to October and equatorward in the other months. Vertical winds are taken from the radial velocities along the vertical beam. Their distribution cannot be characterized by a Gaussian function but an intermittent distribution which is typical for a turbulent medium. The mean altitude profiles of vertical velocity show slightly negative values (< −3 cm s −1 ; i.e., downward bias), which is commonly considered as a bias due to either wave or Kelvin-Helmholtz dynamics. We calculated the frequency spectra of vertical wind velocities by performing the Lomb-Scargle periodogram method for both active and quiet wind conditions, following the criteria of wind conditions by Ecklund et al. (1986) . The statistics of the observed spectra of vertical velocity for both conditions are derived from the analysis of 522-day radar observations. The spectral slopes follow a roughly symmetric distribution with a maximum probability at −5/3 during active periods, whereas a very asymmetric distribution with a maximum probability at around −1 is observed during quiet periods. The scatter plot of the slopes with the mean altitude profile for both conditions reveal a decrease (i.e., the spectra become shallower) with increasing altitudes in the troposphere and then maintain a roughly constant value in the lower stratosphere (even slightly decreasing with increasing altitudes for quiet conditions). Taking all data together, the general spectra of vertical wind velocity reveal intermediate slopes compared with the spectra under active or quiet conditions. Furthermore, we compared the general spectral slopes of vertical velocity with the background horizontal winds and found that the dependence of the spectra of vertical winds on the background horizontal winds reveal different properties under different wind conditions. During quiet periods, the spectral slopes of vertical winds starting at around −1/3 show an increase with increasing horizontal wind velocities and approach −5/3 at a wind threshold of ∼ 10 m s −1 . During active periods, however, the spectral slopes maintain a nearly constant value of −5/3 which matches the slopes of the horizontal wind spectra. These results provide a more complete climatology of frequency spectra of vertical wind velocities under different wind conditions from high-resolution wind measurements with MAARSY compared with previous studies.
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